ABSTRACT The family Calliphoridae consists of myiasis-causing ßies, including species of economic, forensic, and medical importance. In this study, the complete control regions (CRs) of mitochondrial DNA from 15 calliphorid species were sequenced and structurally characterized. The CRs had a high content of adenines (A) and thymines (T) and varied in length from 854 to 2,018 bp, showing intraspeciÞc variations in sequence and length. Two major domains were identiÞed: the conserved domain containing conserved sequence blocks and cis-regulatory structures that may be related to the transcription and the origin of replication of mitochondrial DNA, and the variable domain, containing high sequence and length variation. Within the variable domain, duplication of the tRNA Ile gene, previously reported for three Chrysomya species, was identiÞed in two more species of this genus and in two species of two other genera. The structural characterization shows the plasticity of the mitochondrial genome in dipterans. The organizational similarities of the duplicated region found in different species and the possible origin of the duplicated genes are discussed.
Metazoan mitochondrial DNA (mtDNA) has been used for evolutionary studies involving population structure (Lyra et al. 2005) , species identiÞcation (Wells and Sperling 2001, Waugh 2007) , and phylogenetics (Moore 1995 , Waugh 2007 . The simple genetic structure of mtDNA, its predominantly maternal inheritance, and its higher rate of nucleotide substitution compared with nuclear DNA (Avise et al. 1987 , Moore 1995 are some of the features that make the mtDNA a valuable source of genotypic characters. The high copy number of mtDNA enhances the access to genetic information through polymerase chain reaction (PCR) ampliÞcation and is a useful feature for forensic analyses and studies with preserved specimens, because it minimizes the loss of DNA caused by the oxidative and hydrolytic damage that normally occurs after death (Päabo et al. 1989 , Junqueira et al. 2002 .
Typical animal mtDNA is a circular, doublestranded molecule with 16 Ð20 kb, generally containing 13 protein-coding genes, two subunits of ribosomal RNA (rRNA), and 22 transfer RNA (tRNA) genes. The product of these genes, together with nuclear proteins and RNAs, provides the machinery for mitochondrial replication, transcription, mRNA processing, and protein translation (Boore 1999) . The major noncoding region of mtDNA is known as the control region (CR). In insects, vertebrates, and crustaceans (Carrodeguas and Vallejo 1997, Shadel and Clayton 1997) , the presence of conserved sequence blocks (Zhang and Hewitt 1997) and secondary structure (Inohira et al. 1997) , as well as data from ligationmediated PCR (Saito et al. 2005 ) and electron microscopy (Goddard and Wolstenholme 1980) , indicate that the CR is related to the transcription and replication of the mitochondrial genome.
The CR generally shows two patterns of organization among insects. In fruit ßies (Zhang and Hewitt 1997) , blowßies , and Muscidae ßies (Oliveira et al. 2007) , the CR has two distinct domains: a conserved domain with conserved sequence blocks (CSBs) that harbors the putative origin of replication, and a variable domain that varies markedly in sequence and length. Both of these domains may contain [A]n[T]n tandem repeats. In contrast, in butterßies, moths, stoneßies, grasshoppers, locusts, and mosquitoes, the CR cannot be divided into distinct domains, although it may contain tandem sequence repeats and CSBs dispersed throughout its extension (Schultheis et al. 2002, Vila and Bjö rklund 2004) .
The family Calliphoridae is well known for its economic, medical, sanitary, and forensic importance (Baumgartner and Greenberg 1984 , Amendt et al. 2004 . This family includes myiasis-causing ßies that have a wide geographic distribution and synantropic habits. Myiases are infestations on living vertebrates, caused by dipteran larvae that feed on the hostÕs dead or living tissue, body substances, or ingested food (Zumpt 1965) . Blowßies are among the Þrst insects to colonize corpses, being important for forensic science (Amendt et al. 2004 ) also acting as pathogen vectors, whereas the New World screwworm ßy, Cochliomyia hominivorax, is one of the most important livestock pests in South America, causing substantial economic losses (Hall and Wall 1995) .
The aim of this study was the characterization of the structure and organization of the CR in seven calliphorid genera for the potential usefulness of this region as a molecular marker for evolutionary studies. In addition, we analyzed the CRÕs ßanking sequences and its role as a hot spot for tRNA genes duplication, leading to mtDNA rearrangements. This report extends previous studied on the CR as a molecular marker and is the most comprehensive comparative study of myiasis-causing ßies performed thus far.
Materials and Methods
Samples, DNA Extraction, and PCR Amplification. Adult ßies of Calliphoridae were collected using traps and decomposed Þsh and liver as baits and stored at Ϫ70ЊC. Ethanol-preserved adults were provided by collaborators. Table 1 summarizes the species, sampling locations, collection dates, preservation methods, and GenBank accession numbers of all specimens used in this work.
DNA from fresh and frozen ßies was extracted using the phenol/chloroform method, as described by Infante Vargas and Azeredo-Espin (1995) . Total DNA was extracted from dried/pinned or alcohol-preserved specimens using DNAzol (Invitrogen, Carlsbad, CA), because this reagent was the most efÞcient method for recovering DNA from preserved specimens, as described by Junqueira et al. (2002) .
The CR was ampliÞed using the nested PCR strategy with two sets of primers in two distinct reactions for amplicons A and B. An initial reaction was done with the primers C1-N-1560 and SR-J-14612 (Simon et al. 1994) , and the products of these ampliÞcations were used as templates for the nested PCR, in which the second reaction was carried out with the primers TM-N-193 (Simon et al. 1994) and CMegAR ) to obtain the amplicon A, or with the primers CMegA ) and SR-J-14941 (Oliveira et al. 2006 ) to obtain amplicon B. The reactions consisted of denaturation at 94ЊC for 3 min, followed by 35 cycles at 94ЊC for 1 min, 40ЊC for 1 min, and 60ЊC for 2 min. A Þnal elongation step at 60ЊC for 10 min was added after the last cycle. Both PCR reactions were performed identically, except that the second reaction (nested PCR) had an annealing temperature of 45ЊC. The amplicon A of Chloroprocta idioidea was ampliÞed with the CRc-J-BVII primer. This primer, combined with TM-N-193, recovers a 130-bp overlapping sequence with amplicon B. The large size of the variable domain of Calliphora dubia required additional primer combination; therefore, CRv-J-Cadu was designed based on the partial sequence of amplicon B and used with CRc-N-BVII-R. Table 2 lists the primers used in this work.
The Þnal reagent concentrations for all reactions were 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.25 U of TaqDNA polymerase (Invitrogen), 1.5 mM MgCl 2 , 500 nM of each primer, and 200 M of each dNTP. The amplicons were separated by electrophoresis on 1.0% agarose gels using TAE 1ϫ buffer (40 mM Tris-acetate, pH 8.0, 1 mM EDTA), and the products were visualized under UV light in the presence of ethidium bromide.
Cloning and Sequencing. The PCR products were puriÞed by dialysis using 0.05-m Millipore Þlters and TE buffer (1 M Tris-HCl, pH 7.4, 0.5 M EDTA). The products were ligated into a pCR2.1-TOPO vector (Invitrogen TOPOÐTA Cloning kit), according to the manufacturerÕs instructions, followed by chemical transformation in E. coli DH5␣ competent cells (Sambrook et al. 1989) . Positive clones were sequenced automatically on a Perkin Elmer-ABI Prism 377 sequencer using the Big Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster City, CA), according to the manufacturerÕs instructions.
Sequence Analysis. The chromatograms were analyzed and edited with the Chromas 2.21 software (Technelysium Pty, Tewantin, QLD, Australia). Multiple alignments were performed using the ClustalW algorithm (Thompson et al. 1994 ) with gap penalties reduced to 12 because of differences in sequence length. The nucleotide diversity across the conserved domain was computed by the sliding window method with DnaSP 4.0 (Rozas et al. 2003) , using seven sites for the window length and step size, without gaps. A putative stem-loop structure of the AϩT-rich region and its folding free energy were inferred with the Mfold web server version 3.1 using default parameters (Zucker 2003) . Repeats in the CR sequences were identiÞed with the Dotlet web server (Junier and Pagni 2000) .
Conserved sequence blocks were assigned based on the alignment of the 15 complete conserved domain sequences of calliphorid species, according to and the following criteria: (1) a CSB should contain at least 15 sites, (2) the start of a CSB was assigned based on the presence of similarity for at least four sites in 13 of the 15 species studied, and (3) the end of a CSB was considered after four variable consecutive sites in more than two species.
Results
The CR was ßanked by srRNA and tRNA
Ile genes ( Fig. 1 ) and varied in length (excluding primers) from 854 bp in Chrysomya megacephala to 1,905 bp in Ca. dubia (Table 3 ). The nucleotide composition showed a high content of A and T that varied from 86.0% in Ch. idioidea to 91.6% in Co. hominivorax (Table 3) . The alignment and sequence analysis evidenced the presence of two domains in CR, as described by Lessinger et al. (2004) and Junqueira et al. (2004) . A conserved domain is located adjacent to the tRNA Ile gene, presenting conserved sequence blocks between the species of family Calliphoridae, as well as other conserved structures characterized for other insect groups. However, adjacent to the srRNA gene, there is a variable domain, with high sequence and length differences between the species. The conserved domain of blowßies analyzed in this work varied in length from 542 bp in Chrysomya albiceps to 666 bp in Ch. idioidea (Table 3) , with A7 T substitutions accounting for 60.6% of the total substitutions. Transversions (tv) predominated over transitions (ts; ts/tv ϭ 0.32), corroborating the suggestion of a mutation pressure to maintain the high content of these two nucleotides in the CR. The ts and tv analysis against the pairwise distance showed that transversions saturate as more distantly related sequences are compared, as shown in Fig. 2 . The uncorrected pdistances of the conserved domain ranged from 2.2 to 13.9% for intrageneric comparisons, 9.1 to 19.1% between genera of the same subfamily, and 12.7 to 24.1% between subfamilies.
Despite the size variation, alignment of the conserved domain showed the presence of eight CSBs (Fig. 3 ) that corresponded to 395 sites. The criteria used to assemble the CSBs were supported by the estimate of nucleotide diversity (Pi). Although the conserved domain had a mean Pi of 0.16 (range, 0 Ð 0.54), the CSBs were located within regions of lower diversity with a mean Pi of 0.09 (range, 0 Ð 0.36).
The CSB I is a T-stretch, also present upstream of tRNA Ile in Drosophila spp., Muscidae, Orthoptera, and Plecoptera (Clary and Wolstenholme 1987, Zhang et showing tRNA duplication in Ca. dubia and P. regina and the repeated fragments in Calliphora. The ellipse with a G but no asterisk indicates G islands not associated with the 19-bp motif. In the last repeated fragment of Ca. dubia, unlike the previous two, the G island is not associated with the motif, which seems to be degenerated. al. 1995 , Brehm et al. 2001 , Schultheis et al. 2002 , Oliveira et al. 2007 ). This motif varied in size from 15 bp in Lucilia eximia and Cochliomyia macellaria to 23 bp in Co. hominivorax, presenting intraspeciÞc size variation. The CSBs II and III were the shortest blocks (21 and 17 bp, respectively) and preceded the most variable region of the conserved domain that was located between CSBs III and IV; this variable region ranged in length from 24 bp in C. albiceps to 98 bp in Ch. idioidea, which made its alignment difÞcult. CSBs IV and V contained a purine-pyrimidine [TA(A)]n tandem repeat that has also been reported between the T-stretch and the conserved secondary structure in Lepidoptera (Taylor et al. 1993 ), Orthoptera and Coleoptera (Zhang and Hewitt 1997) , Plecoptera (Schultheis et al. 2002) , and Muscidae (Oliveira et al. 2007) . Like the A and T stretches, tandem repeats also showed inter-and intraspeciÞc variation.
The CSB VI was the largest block, with 152 bp, containing the annealing sites for the CMegA/ CMegAR primers. A conserved stem-loop structure that has been associated with the origin of replication for the major strand of mtDNA in Diptera, Orthoptera, Hymenoptera, Plecoptera, and Phthiraptera (Clary and Wolstenholme 1987 , Zhang et al. 1995 , Schultheis et al. 2002 , Covacin et al. 2006 , Oliveira et al. 2007 ) was also inferred for the Calliphoridae and was located at the end of CSB VI and beginning of CSB VII. The predicted structures for each species and their free energy are represented in Fig. 4 . CSB VII contains the sites used to design the primers CRc-J-BVII and CRc-N-BVII-R. Located after a region of high variation in sequence and length, CSB VIII was an A-stretch that ranged in size from 16 bp in Hemilucilia semidiaphana and L. eximia to 26 bp in Chrysomya rufifacies and marked the end of the conserved domain.
However, the variable domain showed a high variation in sequence and length, ranging from 229 bp in Phormia regina to 1,305 bp in Ca. dubia (Table 3 ). An interesting feature of this hypervariable region was a conserved 19-bp motif, preceded by stretches of four to seven Gs (G islands), found in all calliphorid species analyzed (Fig. 1A) . Additional "G islands" were identiÞed in the variable domain, unrelated to the conserved motif, with their number and location varying among species (Fig. 1B) .
The variable domain of Ca. dubia had a fragment that was found in triplicate, which explained the greater length of this domain (Fig. 1B) . Despite the variation in fragment length (262, 261, and 227 bp), they presented a similarity Ͼ90%. Interestingly, the variable domain of Ca. vomitoria also had a repeated fragment of 104 and 103 bp (Fig. 1B) that shared 83.7% similarity. This fragment also showed high similarity with the Þrst half of the repeated fragments of Ca. dubia (e.g., the Þrst repeated fragment of Ca. vomitoria is 73.3% similar to the Þrst half of the Þrst repeated fragment of Ca. dubia).
Another peculiarity of the variable domain involved P. regina, Ca. dubia, and Chrysomya species. In Ca. dubia and in the Þve species of Chrysomya examined, the variable domain was interrupted by a duplication of tRNA Ile , whereas in P. regina, the duplication also included the tRNA Gln gene (Fig. 1) . In Chrysomya species and Ca. dubia, the entire duplication occurred immediately after the 19-bp motif and included regions ßanking the tRNA Ile gene, which corresponded to partial sequences of the tRNA Gln and CR. The duplicated fragment in P. regina showed the same pattern but included the complete sequence of tRNA Gln and tRNA Ile and the partial sequence of the tRNA Met and CR. The duplicated tRNA genes were identical to their "original" copies in all of the species. C. megacephala and C. rufifacies, which present substitutions in their tRNA Ile compared with Co. hominivorax, also presented the same substitutions in their duplicated tRNAs. However, the only exception was P. regina from California, for which only the amplicon B could be sequenced. The duplicated tRNA Ile of this sample presents a substitution compared with the "original" tRNA copy of the sample from West Virginia. Conserved sequences, as observed for the duplicated tRNAs, were not found for the ßanking regions of the repeated fragments of any species. These regions may be degenerated, being observed differences even among samples from the same species (e.g., C. megacephala and P. regina).
Discussion
Composition of the Control Region. A high AϩT content in the mitochondrial genome, especially evident in the CR, has been widely described for insects (Zhang and Hewitt 1997 , Mardulyn et al. 2003 , Shao and Barker 2003 , Vila and Bjö rklund 2004 , Covacin et al. 2006 . Such nucleotide composition may be related to a role in energy-dependent processes during replication of the mitochondrial genome (Clary and Wolstenholme 1985) . Hence, nucleotide substitutions may not occur randomly, suggesting the prevalence of directional mutation pressure for the AϩT composition in insect mtDNA (Jermiin et al. 1994) .
The Conserved Domain. Among the eight CSBs identiÞed, conserved structures reported for Diptera, Lepidoptera, Orthoptera, Coleoptera, and Plecoptera (Clary and Wolstenholme 1987 , Taylor et al. 1993 , Lewis et al. 1994 , Zhang et al. 1995 , Zhang and Hewitt 1997 , Brehm et al. 2001 , Schultheis et al. 2002 , Saito et al. 2005 , Oliveira et al. 2007 ) could also be identiÞed in Calliphoridae. Short tandem repeats, A/Tstretches, and the regions of high variability between CSBs III and IV and CSBs VII and VIII are the main features responsible for length variation of the conserved domain. However, although the alignment of some regions of this domain was not trivial, the presence of conserved and variable sequences in the same marker may provide an interesting starting point for phylogenetic analysis of recently diverged taxa, identifying calliphorid species, and for population genetics studies.
The regulation of transcription of the mitochondrial genome through proteinÐDNA interactions was related to a T-stretch located adjacent to the tRNA Ile in Drosophila spp. (Clary and Wolstenholme 1987) ; this structure was also described for Muscidae ßies (Oliveira et al. 2007 ) and Orthoptera and Plecoptera (Zhang et al. 1995 , Schultheis et al. 2002 . Similarly, a T-stretch near the tRNA Ile gene is present in the calliphorid species examined, located in the CSB I, and its conservation among different groups is an evidence for such a functional role. T-stretches in the CR have also been related to the replication of the mitochondrial genome (Lewis et al. 1994) . In a recent work, the origin of replication for the major coding strand of mtDNA was mapped downstream of the T-stretch adjacent to the tRNA Ile gene in Drosophila spp. (Saito et al. 2005) , whereas the origin or replication for the minor coding strand was mapped downstream to the T-stretch located on the complementary. Such elements correspond, respectively, to CSBs I and VIII of the control region of family Calliphoridae, thus indicating that also in this family the CR might be related to the replication of the mtDNA, possibly being the origins of replication inside the limits of the conserved domain. Another conserved element that refers the CR to functional activities of the mitochondrial genome is the predicted secondary structures represented in Fig. 4 . Saito et al. (2005) suggested that this structure might be involved in the replication initiation in Orthoptera. Similar structures have been identiÞed in Orthoptera, Hymenoptera, Plecoptera, Phthiraptera, and other Diptera groups (Clary and Wolstenholme 1987 , Zhang et al. 1995 , Schultheis et al. 2002 , Covacin et al. 2006 , Oliveira et al. 2007 , although their primary sequences are not conserved. Therefore, the data reinforce that, although there is sequence divergence, these structural elements and their locations seem to be conserved in Insecta, some of which relate the CRs to the replication and transcription of the mitochondrial DNA also in Calliphoridae. Additional functional evidence for the stem-loop structure was the occurrence of compensatory mutations, also identiÞed in C. albiceps and Chrysomya putoria .
The Variable Domain. This domain was the most responsible not only for the variation in CR length among species, but also for differences in the mitochondrial genome size. Large repeated fragments, tandem repeats, and indels were the main cause of the variability of this domain and can be explained by slipped-strand mispairing (Moritz et al. 1987 ) during replication. Slipped-strand mispairing may also explain the duplicated fragments observed in the Calliphora species studied; however, analysis of additional species and samples of this genus is necessary to conÞrm the origin of these duplications. The G islands identiÞed in Calliphoridae were also described for Drosophila and Muscidae species and have been associated with the termination of mtDNA replication (Brehm et al. 2001 , Oliveira et al. 2007 but not with conserved motifs. Nevertheless, it seems that these G stretches are a feature of the CR of Diptera.
Although conserved elements were identiÞed in this domain, the signiÞcant interspeciÞc variation in size and sequence did not allow a conÞdent alignment because of the lack of homology between nucleotide sites, therefore limiting the usefulness of this domain for phylogenetic studies. Such variation have been reported for Drosophila species and restricted its use to closely related species (Brehm et al. 2001) . Nevertheless, the variable size of the domain and the presence of sequence polymorphisms could be a potential marker for populational studies. Indeed, PCR restriction fragment-length polymorphism analysis of this region has been used to identify screwworm species (Litjens et al. 2001) , and a recent study with Co. hominivorax populations indicated that polymorphisms in the CR and srRNA region are useful for screening intraspeciÞc variation and population structure (Lyra et al. 2005 ).
The Control Region as a Hot Spot for Mitochondrial Rearrangement. Duplication of the tRNA Ile (Fig. 1A ) has previously been reported for three Chrysomya species: C. megacephala, C. putoria, and C. albiceps . In this work, tRNA Ile gene duplication was also found in Chrysomya bezziana, C. rufifacies, and Ca. dubia. A larger duplication involving the tRNA Ile and tRNA Gln genes was also found in P. regina (Fig. 1B) . Because both copies of the duplicated tRNA genes are identical in these species, a mechanism for maintaining the homogeneity of the two copies, such as concerted evolution, may be active in both copies of the genes but not in the regions ßanking the duplicated fragment, explaining the degeneration observed in these bound regions. The substitution observed in the duplicated tRNA Ile of P. regina from California may have occurred during a recent event, so that homogenization may not have occurred yet, because the original copy does not possess such a substitution. The region between the duplicated genes and the srRNA gene, previously referred to as the Chrysomya intergenic region , was compared with the Þnal region of the variable domain in the 15 calliphorid species studied, and we suggest here that this is a continuation of the variable domain, changing the current annotation of the CR variable domain. Molecular and morphological phylogenies (Rognes 1997 , Wells and Sperling 2001 , Harvey et al. 2003 indicate that the genera Chrysomya and Calliphora belong to the subfamilies Chrysomyinae and Calliphorinae, respectively. The subfamily Chrysomyinae also contains the genera Chloroprocta, Cochliomyia, Hemilucilia, and Phormia. However, of these genera, duplicated tRNAs were identiÞed only in Phormia. This Þnding suggests that gene duplication and genomic rearrangement occurred independently on three occasions: in Ca. dubia, in P. regina, and also before the divergence of Chrysomya.
The gene arrangement observed in species with tRNA gene duplications was not explained by the current models for mitochondrial rearrangements: (1) tandem duplication followed by random loss caused by deletion that would lead to two adjacent copies of the duplicated fragment (Moritz et al. 1987) ; (2) homologous recombination that does not modify the original gene arrangement (Tsukamoto and Ikeda 1998, Rokas et al. 2003) ; and (3) intramolecular recombination that does not result in gene duplication (Lunt and Hymann 1997) . Our results provide additional evidence for the illegitimate inter-mtDNA model previously reported in animals for the chigger mite Leptotrobidium pallidum (Shao et al. 2005) . Because the gene duplication in P. regina, Ca. dubia, and the Chrysomya species occurred at the same genomic location, the variable domain of the CR seems to be a hot spot for gene rearrangements in mtDNA of Calliphoridae species. In addition, Stomoxys calcitrans sequences (Diptera: Muscidae) indicate that this species also has a tRNA Ile duplicated into its CR (Oliveira et al. 2007) . The Þnding that the duplicated fragments always involved the tRNA cluster formed by tRNA Met , tRNA Gln , and tRNA Ile probably reßects the hypothesis that, in all of the calliphorid species studied and in Drosophila species (Saito et al. 2005) , the origin of replication for the major strand in the CR is located upstream of the tRNA Ile gene, immediately adjacent to a T-stretch. According to the asymmetric replication model, the synthesis of the major coding strand begins after 97% of the minor coding strand has been synthesized, as occurs in Drosophila (Goddard and Wolstenholme 1980) . This arrangement leaves the minor strand (the template for major strand synthesis) single-stranded for a lengthy period. Considering that transfer RNAs are structures known to form stem-loop (Macey et al. 1997) , if, during the replication of the minor strand, a stem-loop structure is formed by any of the tRNA genes in the major strand, the synthesis of the new strand may be interrupted, and the short fragment is cleaved giving rise to a fragment that could be inserted in a hot spot region.
These results imply a structural plasticity and diversity in the mtDNA molecule of the family Calliphoridae and should contribute to further understanding of insect mitochondrial genome evolution.
